ABSTRACT Effects of dietary polyunsaturated fatty acids (PUFA) on immune responses in poultry have been reported. However, effects on the underlying mechanisms, such as the role of cytokines, have not been documented because the necessary tools were lacking. Recently, primer sets for chicken interleukin (IL)-1β, IL-2, interferon-γ (IFN-γ), myelomonocytic growth factor (MGF), and transforming growth factor (TGF)-β 2 have become available. Therefore, in the present study we first examined the in vivo effects of an inflammatory challenge with Salmonella typhimurium lipopolysaccharide (LPS) on cytokine profiles in growing laying-type chicks. Second, we examined whether dietary fat sources affected the observed cytokine profiles. Two hundred forty chicks were assigned in a 2 × 4 factorial design of treatments, with injection with LPS or saline and dietary fat source as factors. Factors were i.v. injection with S. typhimurium LPS or saline (control) and four dietary fat sources: corn oil, linseed oil, menhaden oil, and tallow. Two hours after injection, birds were killed, and their spleens were
INTRODUCTION
Numerous studies have demonstrated that dietary polyunsaturated fatty acids (PUFA) can modulate a wide range of immune responses in poultry. Diets enriched with fish oil (FO) rich in long-chain n-3 PUFA have antiinflammatory properties, increase delayed-type hyper- To whom correspondence should be addressed: john.sijben@genr. vh.wau.nl.
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removed for RNA extraction. Reverse transcription polymerase chain reactions with primer sets for chicken IL-1β, IL-2, IFN-γ, MGF, TGF-β 2 , and β-actin were performed with RNA samples pooled by pen. The expression of cytokine mRNA was expressed relative to the level of β-actin mRNA. Interleukin-1 (P < 0.001), MGF (P < 0.0001), IL-2 (P < 0.001), and IFN-γ (P < 0.001) mRNA expressions were enhanced by challenge with LPS. Immunization treatment had no effect on TGF-β 2 or β-actin expression. Dietary treatment did not affect mRNA expression of IL-1, MGF, IFN-γ, TGF-β 2 , or β-actin. Interleukin-2 expression in LPS-injected birds that were fed the fish-oilenriched diet was enhanced (P = 0.05). The present study indicates that in vivo effects of immune challenge on cytokine mRNA expression can be measured in poultry. The observation that mRNA level of IL-2, but not the mRNA levels of IFN-γ or MGF, is enhanced by dietary fish oil at 2 h suggests that dietary PUFA at this moment initially affected naïve T lymphocytes.
sensitivity , increase antibody responses, and decrease lymphocyte proliferation (Fritsche et al., 1991) . Diets enriched with linseed oil (LO), rich in short-chain n-3 PUFA, also increase delayed-type hypersensitivity , decrease lymphocyte proliferation (Fritsche et al., 1991) , and decrease antibody responses (Parmentier et al., 1997) . Diets enriched with plant oils rich in linoleic acid (short-chain n-6) augment specific anti-vaccine (Friedman and Sklan, 1997) or anti-keyhole limpet hemocyanin antibody responses (Sijben et al., 2000) but decrease anti-bovine serum albumin (Friedman and Sklan, 1995) or heat-killed Abbreviation Key: BT = beef tallow; CO = corn oil; FO = fish oil; IL = interleukin; IFN = interferon; LPS = lipopolysaccharide; LO = linseed oil; MGF = myelomonocytic growth factor; PCR = polymerase chain reaction; PG = prostaglandin; PUFA = polyunsaturated fatty acid; RT = reverse transcription; TGF = transforming growth factor; Th = T-helper cell; TNF = tumor necrosis factor.
Mycobacterium butyricum particle (Sijben et al., 2000) responses.
These immunomodulatory properties of PUFA might be associated with their metabolical function as an eicosanoid precursor . Besides eicosanoids, cytokines are also important messenger molecules of immune cells. In mammalian studies, numerous effects of dietary n-3 PUFA on cytokine production were reported (reviewed by Blok et al., 1996) . Dietary n-3 decreased interleukin (IL)-1-β, IL-2, IL-6, and tumor necrosis factor (TNF)-α in human peripheral blood mononuclear cells compared with control diets low in n-3 and not particularly high in n-6. In mice, dietary n-3 increased IL-1β and TNF-α in peritoneal macrophages compared with diets low in n-3 and high in n-6. Circulating IL-12 and interferon (IFN)-γ levels and splenic IFNγ mRNA were lower in mice fed a n-3-PUFA-enriched diet compared with a n-6-enriched and low PUFA diet, indicating a shift from a T-helper (Th)-1 type to a Th-2 type of immune response .
The mechanisms by which dietary fatty acids modulate cytokine production have not fully been elucidated yet. A widespread concept is that long-chain dietary n-3 PUFA are incorporated into cell membrane phospholipids, replacing arachidonic acid as a substrate, and then are converted into prostaglandin (PG)E 3 and leukotriene B 5 , which are biologically less active than arachidonic acid metabolites PGE 2 and leukotriene B 4 . Moreover, n-3 fatty acids have been shown to be poorly metabolized by cyclooxygenase, thereby reducing the total production of eicosanoids (Lee et al., 1985) . In rats, dietary FO lowers the production of PGE 2 by peritoneal macrophages and splenocytes by 70 to 80% compared with dietary corn oil (CO) (Fritsche et al., 1992) . Also in mice it has been demonstated that PGE 2 inhibits the production of IL-2 and IFN-γ (Betz and Fox, 1991) . These data suggest that PGE 2 mediates the effects of dietary n-3 PUFA on the level of Th-1 cytokines. In poultry research, study of mechanisms by which dietary PUFA modulate immune responses is still problematic because of the absence of specific antibodies for detection of cytokines at the protein level. Recently reverse transcription (RT) polymerase chain reaction (PCR) assays for the message of chicken IL-1β, IL-2, IFNγ, myelomonocytic growth factor (MGF), and transforming growth factor (TGF)-β have been developed and applied to measure cytokine responses in in vitro cell cultures stimulated with lipopolysaccharide (LPS) (Leshchinsky, 2000) .
In vivo cytokine mRNA responses of chickens infected with Marek's disease herpesvirus have been reported recently (Xing and Schat, 2000 with the opportunity to study the mechanisms by which nutrients affect immune regulation at the level of cytokine synthesis in poultry. However, the RT-PCR assays have not yet been used to examine effects of challenge with LPS on in vivo transcription of chicken cytokines. Therefore, in the present study, growing chicks of a layer breed were fed diets different in PUFA content and were challenged to induce an inflammatory response in order to investigate whether mRNA production for these cytokines could be measured in vivo and, if so, whether dietary fat source affected the in vivo production of specific cytokines.
MATERIALS AND METHODS

Birds, Housing, and Experimental Design
Two hundred forty 4-d-old male Single Comb White Leghorn chicks were used. These birds were distributed among 48 battery pens 4 with five chicks per pen, stratified by BW to minimize the variability in pen weight. This experiment was designed as 2 × 4 factorial arrangement of treatments, with diet and immunization as factors. The four dietary treatments each comprised a 95% constant basal component and a varying 5% oil fraction (Table 1) . The four oils used in the present study were CO, 5 LO, 6 fish (i.e., menhaden) oil (FO) 7 and beef tallow (BT). 8 The diets were formulated to meet or exceed the minimum requirements for a growing laying strain (NRC, 1994) . The birds had free access to feed and water throughout the trial.
Once per week, feed intake and BW gain per pen were measured. At 37 or 38 d of age the birds were injected i.v. with 1 mg Salmonella typhimurium LPS 9 in 1 mL 0.9 % saline or with 1 mL 0.9 % saline alone, which served as a control. In the four treatments with LPS injection, eight pens were assigned per treatment. In the four treatments with a saline control injection, four pens were assigned per treatment because no response, and thus a small variance, was expected in the control birds. A preliminary study showed that the present immunization treatment had a significantly higher IL-1β, IL-2, IFN-γ response, expressed as cytokine/β-actin (i.e., housekeeping gene) ratio, at 2 h after injection compared with 3, 4, 6, 8, 16 , and 24 h after injection (data not shown). Therefore, at 2 h after injection, four cockerels per pen were euthanized by cervical dislocation, and spleens freezeclamped in liquid nitrogen and stored at −70 C for subsequent RNA extraction. The immunization of birds and sampling of spleens was distributed over two consecutive days because of the quantity of birds that had to be processed. The experimental procedures were approved by the Animal Care and Use Committee of the University of California, Davis.
RT-PCR
Total splenic RNA was extracted using the guanidinium thiocyanate-phenol procedure of Chomczynski and Sacchi (1987) . Equal amounts of RNA from each cockerel of the same pen were pooled to form one sample per experimental unit (pen). One microgram of RNA per pooled sample was used for RT reaction, using 200 units of Moloney murine leukemia virus reverse transcriptase, 10 4 µL accompanying RT-buffer, 10 0.5 µg random primers, 10 20 units recombinant RNasin ribonuclease inhibitor, 10 and 500 µM dNTP 11 in a reaction mix of 20 µL 0.1% diethyl pyrocarbonate water. The RT-PCR was performed using a GeneAmp PCR system 9600 11 to form cDNA at 20 C for 15 min, 42 C for 30 min, and 95 C for 5 min.
The PCR reactions were performed in a total volume of 15 µL containing 0.6 µL cDNA from the RT reaction, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl pH = 8.3, 0.1% Triton X-100, 0.01% gelatin, 200 µM dNTP, 0.4 units Goldstar polymerase, 12 and 150 nM of each primer. 12 The PCR primer sequences for chicken β-actin, IL-1, IL-2, IFN-γ, and TGF-β 2 were previously developed and certified by Leshchinsky (2000) . Before the start of the first cycle, all PCR were preceded by a denaturation step of 2 min at 94 C, and the last cycle step was followed by a final elongation step of 7 min at 68 C. The annealing temperatures were 63, 62, 63, 60, 58, and 58 C for the β-actin, IL-1, IL-2, IFN-γ, MGF, and TGF-β 2 , respectively. The number of cycles was optimized for the present experimental conditions to prevent the amount of PCR product from exceeding the upward slope of a typical cycle number-PCR product curve. For the IL-1, IFN-γ, MGF, and TGF-β 2 assays we applied 30 cycles, and for the IL-2 essay 32 cycles were applied, according to Leshchinsky (2000) . In the β-actin assay, 20 cycles were run. All PCR were performed in triplicate with cDNA from one RT reaction. 
Gel Electrophoresis and Quantification of PCR Products
The PCR products were separated on a 1.5% agarose gel buffered with 0.5 × TBE containing 0.5 µg/mL ethidium bromide at 100 V for 45 min. Simultaneously, a molecular mass standard 13 was used in duplicate in each row. The molecular mass standard was used according to the manufacturer's instructions and showed bands at 1,000, 700, 500, 200, and 100 bp corresponding with 100, 70, 50, 20, and 10 ng of DNA, respectively. The luminescence of several volumes of the PCR product was tested in a preliminary analysis of a pooled sample of approximately eight randomly chosen samples of LPS-injected birds. The volume that fitted best in the range of the molecular mass standards was used to quantify the PCR product. Digital pictures of the gels were taken using a Gel Doc 1000 system. 13 The luminescence of the band of the PCR product was compared with the standard line by using the volume analysis option of the Multi-Analyst PC Software 13 for Gel-Doc 1000 to estimate the mass of the PCR product. Data were expressed as the ratio between the mass of the cytokine mRNA and the mass of β-actin mRNA, which served as an internal control for the initial amount of RNA. Median values of triplicate measurements were used to calculate the cytokine/β-actin ratio.
Statistical Analysis
Data for BW gain, feed intake, feed conversion, and cytokine mRNA expression were collected and analyzed per pen. Body weight gain, feed intake, and feed conversion were analyzed by one-way ANOVA for effects of dietary fat source. Preliminary analysis of the cytokine mRNA expression data showed that most of these data were not normally distributed (skewness and kurtosis not between −2 and 2). The variance in the saline injection treatments was smaller than in the LPS immunization treatments. For testing immunization and immunization by diet interaction effects, the data were transformed with a square root transformation to achieve a normal distribution. Effects of dietary treatment on mRNA expression were tested by one-way ANOVA within immunization treatments on untransformed data because most data were normally distributed after splitting the data set according to immunization treatment. All analyses were performed using the general linear models procedure of SAS software (1990) . Results were considered significant at P ≤ 0.05.
RESULTS
Feed Intake, Growth, and Feed Conversion
Feed intake, growth, and feed conversion were not affected by the diet. Average weekly feed intakes between 4 and 32 d after hatch were 179, 170, 176, and 173 g (pooled SEM 4.3) per bird fed the CO-, FO-, LO-, and BT-enriched diets, respectively. In the same period, the Least-squares mean values ± SEM of cytokine response of laying chicks injected i.v. with 1 mg Salmonella typhimurium LPS in 1 mL saline or with 1 mL saline only in splenic tissue at 2 h postimmunization. Messenger RNA for interleukin (IL)-1β, myelomonocytic growth factor (MGF), IL-2, interferon (IFN)-γ, transforming growth factor (TGF)-β, and β-actin were measured by semiquantitative reverse transcription (RT)-polymerase chain reaction (PCR). The cytokine responses were expressed relative to the β-actin response, which served as an internal control for the initial amount of splenic RNA in the RT reaction. Pvalues as given were calculated based on square root transformed data. The table shows the untransformed data of all diets within immunization groups combined.
average weekly growth was 61, 60, 60, and 59 g (pooled SEM 1.74) per bird, respectively. The average feed conversions in this 4-wk period were 2.94, 2.83, 2.94, and 2.96 kg (pooled SEM 0.08) feed/kg growth in the birds fed the CO-, FO-, LO-, and BT-enriched diets, respectively. The numerically lower feed conversion in cockerels fed the FO-enriched diet is mainly the result of a proportionally lower feed intake combined with an equal growth compared with the other feed treatments.
Splenic mRNA expression of β-actin, IL-1β, IL-2, IFN-γ, MGF, and TGF-β 2
Messenger RNA expression of β-actin and the cytokine/β-actin ratios in spleens of saline-and S. typhimurium-injected chickens, with data of all diets combined, are shown in Table 2 . Immunization treatment highly affected splenic mRNA expression of IL-1β, MGF, IL-2, and IFN-γ (P < 0.0001). The cytokine/β-actin ratios were approximately 5, 8, 6, and 13 times higher for IL1β, IL-2, IFN-γ, and MGF, respectively, in LPS-injected chicks compared with saline-injected chicks. Splenic β-actin and TGF-β 2 mRNA expression were not affected by immunization treatment. The raw data are illustrated in Figure  1 , which shows two typical lanes per cytokine: one of an LPS-injected pen of chicks and one of a saline-injected pen of chicks. Significant interaction effects among immunization and dietary treatment on splenic mRNA expression of β-actin, IL1β, IFN-γ, MGF, TGF-β 2 , (P > 0.1), and IL-2 (P < 0.1) were not found.
Messenger RNA expression data of β-actin in splenic tissue and the cytokine/β-actin ratios for each dietary treatment in saline and LPS injected chickens are shown in Table 3 . In the LPS-and saline-injected groups, the dietary treatment did not affect the level of β-actin mRNA. In the birds injected with S. typhimurium LPS, the levels of IL-1β, MGF, IFN-γ, and TGF-β 2 were not affected by the dietary treatment, but the IL-2/β-actin ratio was affected by the dietary treatment (P = 0.05). In cockerels fed the FO-enriched diet, the relative IL-2 mRNA expression was approximately 58% higher compared with the average of the other three dietary treatments (Table 3) .
In the control birds injected with saline, the cytokine responses, apart from TGF-β 2 , were generally much lower compared with the LPS-injected birds. However, in two pens of saline-injected birds, we observed cytokine responses that were close to the levels found in the LPSinjected birds. One of these two pens contained birds fed the CO-enriched diet, and the other pen contained birds fed the LO-enriched diet. In the saline control cockerels, dietary treatment did not affect the cytokine/β-actin ratios. The numerically high levels in the CO and LO diet groups are the result of the two outlier pens. Also, the high SEM values in the saline treated groups are largely due to these pens.
DISCUSSION
The present experiment was performed to study effects of dietary PUFA on immune regulation. In order to induce an immune response, chickens were challenged with LPS, which should result primarily in the production of proinflammatory cytokines. In addition, chickens were fed with diets different in levels of n-3 and n-6 PUFA. The purpose of the present study was twofold. First, we evaluated whether in vivo mRNA cytokine expression after LPS injection was detectable by RT-PCR assays. Second, the induced response was used to evaluate the effect of the dietary fat source on the expression of cytokine mRNA.
Interleukin-1 is an acute-phase protein that is early released by macrophages after antigenic challenge. Therefore, enhanced IL-1β mRNA expression was expected within a few hours after challenge. Transforming growth factor-β 2 is produced by many cell types, including macrophages and T and B lymphocytes. This cytokine is known as a promoter of connective tissue growth and collagen formation and as a feedback regulator that dampens immune reactions. Mammalian IL-2 is produced by activated naïve T cells (Th 0 cells). Activated naïve CD4
+ T cells produce mainly IL-2 upon initial encounter with antigen (reviewed by Abbas et al., 1996) . After stimulation there is transcriptional activation of the IL-2 gene over 24 to 48 h. Interleukin-2 and IFN-γ are also produced by differentiated T cells classified as Th-1 cells (Mosmann et al., 1986) . Interleukin-2 is the main autocrine growth factor, and IFN-γ is an activator of macrophages and natural killer cells. Furthermore, IFN-γ promotes opsonization, phagocytosis, and MHC class II expression. Other sources of mammalian IFN-γ are CD8+ lymphocytes and natural killer cells. Chicken MGF is related to mammalian IL-6 and granulocyte colony stimulating factor, and cMGF expression can be induced by macrophages and myelomonocytic cells (Leutz et al., 1989) . Increases in IL-2, IFN-γ, and MGF mRNA expression were expected after an increase in IL-1β transcription.
Injection with LPS enhanced the in vivo splenic expression of IL1-β, IL-2, IFN-γ, and MGF, but not TGF-β 2 , at 2 h after challenge. Our choice to measure at 2 h after FIGURE 1. Effect of lipopolysaccharide (LPS) injection on splenic cytokine expression in chicks at 2 h after injection with Salmonella typhimurium LPS or saline. Five-week-old laying chicks were injected i.v. with 1 mg LPS or a saline control. The reverse transcription-polymerase chain reation (PCR) with splenic RNA was performed using primer sets for chicken β-actin, interleukin (IL)-1β, myelomonocytic growth factor (MGF), IL-2, interferon-gamma (IFN-γ), and transforming growth factor (TGF)-β 2 , resulting in PCR products of 322, 797, 147, 390, 251, and 316 bp, respectively. Each pair of lanes represents the effect of immunization on the expression of β-actin and the cytokines, in which the first lane represents the birds injected with LPS and the second lane represents the birds injected with saline. The mass of DNA of each sample was calculated using the molecular mass standard shown in the middle lane. The molecular mass standard shows bands at 1,000, 700, 500, 200, and 100 bp corresponding with 100, 70, 50, 20, and 10 ng DNA, respectively. Data were expressed as the ratio between the mass of cytokine mRNA and the mass of β-actin mRNA. Injection with LPS increased the level of IL-1β, MGF, IL-2 and IFN-γ mRNA (P < 0.0001) but did not affect the level of β-actin and TGF-β 2 mRNA.
LPS injection was based on a preliminary study in which we measured IL-1β, MGF, IL-2, and IFN-γ mRNA expression at 0, 2, 3, 4, 6, 8, 16, and 24 h after i.v. injection with 1 mg LPS. In this pilot study, we found the highest transcription level of all cytokines at 2 h after injection. The high speed of the response might be attributed to the systemic LPS injection. The mRNA transcription at 2 h after systemic LPS injection in the present study is probably the gene expression in macrophages (IL-1 and MGF), natural killer cells (IFN-γ), and naïve T cells (IL-2) because a second message like IL-2 and IFN-γ from chicken Th-1 cell equivalents would likely require more time. The expression of the TGF-β 2 mRNA in LPS-and saline-injected birds was at a similar but easily detectable level, as illustrated in Figure 1 . This observation indicates that the TGF-β 2 mRNA levels in the present study were Least-squares mean values ± SEM of cytokine response of growing laying chicks injected i.v. with 1 mg Salmonella typhimurium lipopolysaccharide (LPS) in 1 mL saline or with 1 mL saline only in splenic tissue at 2 h postimmunization. The birds were fed diets enriched with 5% corn oil (CO), linseed oil (LO), fish oil (FO), or beef tallow (BT). Messenger RNA for interleukin (IL)-1β, myelomonocytic growth factor (MGF), IL-2, interferon (IFN)-γ, transforming growth factor (TGF)-β 2 , and β-actin were measured by semiquantitative reverse transcription (RT)-polymerase chain reaction (PCR). β-actin responses were expressed as nanograms of PCR product per nanogram of splenic RNA. The cytokine responses were expressed relative to the β-actin response, which served as an internal control for the initial amount of splenic RNA in the RT reaction. Effects of oil source were tested by one-way ANOVA within immunization treatments. the basal levels of preformed TGF-β 2 mRNA in chicken spleens.
In the present experiment, the levels of IL-1β mRNA in birds injected with S. typhimurium LPS were not affected by the dietary treatment. Previously, dietary FO was found to decrease the release of IL-1 by peritoneal macrophages as compared with CO, after i.p. immunization with a lower dose of LPS . Also, in cultured human mononuclear cells, the production of IL-1 bioactivity and TNF is lower after consumption of higher levels of long-chain n-3 PUFA from FO (Endres, 1989) . This possible discrepancy between mRNA and protein production levels suggests that PUFA may affect cytokine production at the level of protein release instead of at the level of transcription. Previously it has been shown that IL-1 mRNA expression can be induced unaccompanied by substantial production of bioactivity (Frendl et al., 1990) . In previous studies Endres, 1989) n-3 PUFA may have interfered with the release of the high levels of early de novo synthesized IL-1 as found in mammals (Binns, 1990 (Binns, , 1992 , whereas IL-1 transcription might have been unaffected. Further studies should examine differences in kinetics of IL-1 mRNA and protein production after challenge with LPS and whether dietary effects may be found at later times after immunization.
In the present study, the level of IL-2 mRNA was elevated in LPS-injected birds fed the FO-enriched diet relative to the other diets. The incorporation of long-chain n-3 PUFA from dietary FO into the membrane phospholipids at the expense of n-6 PUFA may inhibit cyclooxygenase and the synthesis of PGE 2 from arachidonic acid. Prostaglandin E 2 is associated with downregulation of IL-2 production by Th-1 cells (Betz and Fox, 1991) . In clinical studies, data on effects of n-3 PUFA on Th-1 cytokines are conflicting. In healthy volunteers, the proliferative response of T lymphocytes and IL-2 levels were decreased by dietary supplementation with n-3 fatty acids (Meydani et al., 1991 (Meydani et al., , 1993 . However, in certain patient groups T-cell responses were higher following n-3 fatty acids supplementation, and IFN-γ production increased (Kemen et al., 1995) .
Mice infected with Listeria monocytogenes had two-to fivefold higher concentrations of IFN-γ in their blood when fed a FO-enriched diet compared with mice fed diets low in n-3 PUFA (Fritsche et al., 1997a) . These studies indicate that T lymphocytes may behave differently after n-3 supplementation in healthy individuals compared with certain patient groups (Blok et al., 1996) and, by analogy, in challenged and unchallenged animals. Also, in poultry, dietary n-3 PUFA has been found to enhance or decrease immune responses in various studies (Fritsche et al., 1991; Sklan, 1995, 1997; Parmentier et al., 1997; Sijben et al., 2000) .
The present observation that IL-2 mRNA, but not IFN-γ, is enhanced by dietary FO at 2 h after LPS injection suggests that dietary n-3 PUFA initially affects naïve Tcell precursors (Th-0) rather then differentiated Th-1-like cells. We hypothesize that 2 h after challenge would be too early for the expression of a second message of differentiated T cells. In addition, if Th-1-like cells would have been affected by dietary FO, IFN-γ mRNA expression was expected to be affected similarly as IL-2 transcription. It has been proposed that the level of intracellular IL-2 mRNA corresponds well with the level of secreted IL-2 (Kaempfer et al., 1987) . Therefore, the rise in IL-2 mRNA in the present study may initially facilitate both subsequent cellular or humoral immune responses. However, the effect on the kinetics and the magnitude of the effector functions of such an increase of IL-2 has yet to be established. Murine studies have shown that dietary n-3 might enhance circulating IFN-γ (Fritsche et al., 1997a) but delay bacterial clearance and decrease survival after challenge with Listeria (Fritsche et al., 1997b) and reduce IFN-γ cytokine expression .
The i.v. injection of 1 mg LPS per chick induced hypothermia and inactivity in the first hours after this injection, but no mortality, even after 24 h in the preliminary study. Such a challenge may facilitate measurement of cytokines, but the relevance of this model to measure cytokine transcription and bioactivity after immunization with protein antigens remains to be established. To improve the applicability of immunization treatment as a model, the present methodology of immune challenge needs to be refined, e.g., doses might be lowered. Recently Leshchinsky and Klasing (2000) reported increased IL-1β, IFN-γ, and MGF expression after i.v. injection with 0.5 µg LPS in broiler chicks. Also, the route of antigen administration might be modified. In Japanese quail intra-abdominal injection with 7.5 mg LPS per kg body weight increased splenic IL-1β mRNA expression (Koutsos and Klasing, 2000) . These recent data indicate that under more physiological conditions, increased splenic levels of IL-1β mRNA are detectable in avian species. The responses to other (model) antigens remain to be investigated.
In summary, the present study indicates that an increase of in vivo cytokine mRNA expression after LPS challenge can be measured in poultry. In addition, in LPS-injected chickens, splenic IL-2 mRNA expression was increased by dietary FO. We conclude that the increase in IL-2 mRNA expression is most probably caused by activated naïve T cells. In general, these results indicate that the present methods could increase insight into the relationship between nutrition and immunity in poultry at the regulatory level.
